Gonadotropin-releasing hormone (GNRH) is known as a pivotal upstream regulator of reproduction in vertebrates. However, reproduction is not compromised in the hypophysiotropic Gnrh3 knockout line in zebrafish (gnrh3 −/− ). In order to determine if Gnrh2, the only other Gnrh isoform in zebrafish brains, is compensating for the loss of Gnrh3, we generated a double Gnrh knockout zebrafish line. Surprisingly, the loss of both Gnrh isoforms resulted in no major impact on reproduction, indicating that a compensatory response, outside of the Gnrh system, was evoked. A plethora of factors acting along the reproductive hypothalamus-pituitary axis were evaluated as possible compensators based on neuroanatomical and differential gene expression studies. In addition, we also examined the involvement of feeding factors in the brain as potential compensators for Gnrh2, which has known anorexigenic effects. We found that the double knockout fish exhibited upregulation of several genes in the brain, specifically gonadotropin-inhibitory hormone (gnih), secretogranin 2 (scg2), tachykinin 3a (tac3a), and pituitary adenylate cyclase-activating peptide 1 (pacap1), and downregulation of agouti-related peptide 1 (agrp1), indicating the compensation occurs outside of Gnrh cells and therefore is a noncell autonomous response to the loss of Gnrh. While the differential expression of gnih and agrp1 in the double knockout line was confined to the periventricular nucleus and hypothalamus, respectively, the upregulation of scg2 corresponded with a broader neuronal redistribution in the lateral hypothalamus and hindbrain. In conclusion, our results demonstrate the existence of a redundant reproductive regulatory system that comes into play when Gnrh2 and Gnrh3 are lost.
Introduction
The main upstream factor in the hypothalamus controlling the reproductive brain-pituitary-gonad axis in vertebrates is the gonadotropin-releasing hormone (GNRH). It has been previously well established that this neuropeptide is essential for the synthesis and secretion of the pituitary gonadotropins, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) [1, 2] . Although vertebrates possess multiple isoforms of GNRH in the brain, the isoform found in the preoptic region of the hypothalamus is the hypophysiotropic one, responsible for releasing the gonadotropins, and often referred to as GNRH1 [3] . A genetic defect in GNRH1, or a disruption of its neuronal migration during ontogeny, leads to hypogonadotropic hypogonadism and infertility in humans and rodents [4] [5] [6] . All jawed vertebrates, except rodents, also have a conserved form of GNRH, ubiquitously found in the midbrain tegmentum, called GNRH2 [7] . Many teleosts, due to a unique gene duplication event, also have a third isoform, Gnrh3, which is found in the olfactory bulb/terminal nerve area [8] . In some cases, however, Gnrh3 replaces Gnrh1 in species where Gnrh1 has been lost, such as in some cyprinids, salmonids, and bony-tongue fishes [9] [10] [11] . The functions of the nonhypophysiotropic isoforms of GNRH are not well understood, but functional studies in mammals, birds, and fish, suggest that these GNRH isoforms have a variety of extrareproductive roles, such as controlling feeding behaviors, reproductive behaviors, and mediating photoperiod signals in the case of GNRH2 [12] [13] [14] , and roles in transducing reproductive-olfactory cues like pheromones in the case of GNRH3 [15] .
To better characterize the roles of the hypophysiotropic Gnrh in teleosts, we previously generated a knockout model in zebrafish, which have a loss of the hypophysiotropic Gnrh3 (gnrh3 −/− ) due to a targeted mutation in the gnrh3 gene [16] . The loss of Gnrh3 resulted in no changes in reproductive success, an unexpected finding because genetic mutations of Gnrh1 results in disrupted puberty and infertility in mice and humans [4, 17] , and Gnrh3 neuronal ablation results in infertile zebrafish [18] . This suggested that a compensatory mechanism is activated to maintain normal execution of reproduction in zebrafish in response to the genetic mutation of Gnrh3. This finding was reinforced by the discoveries of other groups, where the knockout of Gnrh3 and other upstream reproductive neuropeptides, Kisspeptins 1 and 2 [19, 20] , in zebrafish resulted in no phenotypic differences in reproduction despite their crucial role in more evolved vertebrates [21, 7] . Gnrh2 was the predicted candidate to compensate for the loss of Gnrh3 because its neurons innervate the pituitary in zebrafish [22] , it has the ability to stimulate gonadotropin release in vivo, and can activate all four Gnrh receptors in zebrafish with equal or greater potency than Gnrh3 [23] . Thus, we generated a double knockout (DKO) zebrafish line (gnrh2 −/− ; gnrh3 −/− ) which contains a null mutation in both the gnrh2 and gnrh3 genes, resulting in a complete loss of all Gnrh peptides in the zebrafish brain, and therefore is the first vertebrate species studied where two Gnrh isoforms are knocked out. We comprehensively characterized the reproductive functions in this line; however, as will be entailed below, this line exhibits normal reproduction and fertility. Therefore, in order to understand the underlying reason for the lack of the expected reproductive phenotype, we began to look for alternative compensating pathways, based on the differential expression of neuropeptide-coding genes. Additionally, because GNRH2 is implicated in regulating feeding behaviors in mammals, birds, and fish, and can modulate certain feeding peptides in goldfish [24, 25] , we examined representative feeding-related genes as potential compensators for the loss of Gnrh2. The findings from this study point to several potential neuropeptides that change their expression profile in the DKO line, and together may participate in what seems to be a multifactorial type of compensation for the loss of the Gnrh ligands.
Materials and methods

Zebrafish maintenance
All zebrafish were kept in the in-house facility at the Institute of Marine and Environmental Technology and maintained at a 14L:10D cycle in a 28
• C recirculating water system. Zebrafish larvae were fed live Paramecium from 5 days post fertilization (dpf) to 15 dpf and then fed live Artemia nauplii until they were large enough to feed on 300 μm Gemma diet pellets (Skretting), which they were fed ad libitum twice daily. Zebrafish larvae were kept in 300 mL tanks on a nursery shelf until 30 dpf, and then moved to aquaria in the recirculating water system. Prior to tissue collections, adult zebrafish were euthanized in a cold ice-water bath and then promptly decapitated. Larval zebrafish were killed in tricaine (MS-222, Sigma-Aldrich). All experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Maryland School of Medicine.
Generation of the double knockout line (Gnrh2
The TALENs used to generate a gnrh2 mutation were designed to induce a double-stranded break at base pair 15,729,885 in the coding region of gnrh2 gDNA on chromosome 21 (Genbank accession #: NC 007132.6) and generated through an NIH-sponsored initiative (NIH R01 GM088040). This base pair is located on the second exon of the gnrh2 gene on the first of 10 amino acids in the decapeptide coding region. The TALEN sequences were cloned into the JDS71 vector (Addgene) downstream of a T7 promoter site. One microgram of linearized plasmid (using PmeI restriction enzyme) was transcribed into mRNA using the T7 RNA polymerase and mMessage mMachine Transcription Kit, treated with DNaseI, and then a polyA tail was added on using the PolyA Tailing Kit (all from Thermo Fisher Scientific). TALEN mRNAs (50-75 ng/μL) were micro-injected into wild-type (WT) zebrafish embryos at the 1-2 cell stage. Adult founder fish (F0 generation) were then crossed with WT fish to produce a heterozygous F1 generation. Screening for the presence of mutations was performed by PCR on gDNA extracted from clipped fin samples used as template [16] and GoTaq DNA Polymerase (Promega). DNA extracts were cloned in pGEM-T vector (Promega) and sequenced, and the nucleotide sequences were analyzed and compared against WT to select those that result in the loss of a viable translated peptide (Supplementary Figure S1B) . Fish positive for a 21 base-pair deletion, 2 base-pair insertion within the Gnrh2 coding region (Supplementary Figure S1B) were selected to create homozygous lines of gnrh2 −/-by crossing with WT fish from the same line to obtain a 50% heterozygous F2 generation. Primers designed to specifically amplify either WT or mutant gnrh2 sequences were used to screen fish with the gnrh2 mutation (Supplemental Table S1 ). Heterozygous fish were in-crossed to produce 25% homozygous gnrh2 −/− offspring. The loss of Gnrh2 peptide in the gnrh2 −/− brain was validated in the homozygous fish using immunohistochemistry (IHC) and specific antibodies as described below. The DKO line was generated by crossing the homozygous gnrh3 −/− line with the homozygous gnrh2 −/− line [16] . Double heterozygous (gnrh2 +/− ; gnrh3 +/− ) offspring from the homozygous mutant crosses were then in-crossed to produce the homozygous Table S1 ). Screening of the gnrh2 −/− mutation was conducted similarly using specific WT and mutant primers (Supplemental Table S1 ). Verification of the loss of Gnrh2 and Gnrh3 protein was conducted using IHC with antibodies against the specific recombinant zebrafish (ZF) Gnrh2-associated peptide (GAP2) [22] or ZF Gnrh3-associated peptide region (GAP3) [16] downstream of the decapeptide coding region (Supplementary Figure S2) , as well as with antibodies against the Gnrh2 and Gnrh3 decapeptide coding regions [16] (Supplementary Figure S3) (kindly provided by Dr Judy King), to verify that both the decapeptide and GAP regions were absent. Homozygous DKO gnrh2 −/− ; gnrh3
and WT (gnrh2 +/+ ; gnrh3 +/+ ) offspring from these crosses were kept to propagate the lines and compare reproductive characteristics and expression levels of reproductive and feeding-related genes.
Immunohistochemistry
The loss of the Gnrh2 and Gnrh3 peptide in DKO fish was verified using IHC with antibodies against the specific recombinant GAP (GAP2 and GAP3) and decapeptide regions of Gnrh2 or Gnrh3 raised in rabbits. Slides were then washed in PBS, blocked for 1 h in 5% normal goat serum, and incubated with a 1:1000 dilution of Anti-GAP2 in 1% BSA and 0.3% Triton X-100 overnight at 4
• C. As a negative control, consecutive slides were incubated with pre-immune serum, instead of a primary antibody, from the same animal the antibodies originated from. Slides were then washed in 100 mM Tris Ph 7.5, 150 mM NaCl, and 0.5% Tween-20 (TNT) and incubated in an HRP-conjugated Goat anti-Rabbit antibody (Genscript) at a 1:1000 dilution in 1% BSA and 0.3% Triton for 1 h. Then, slides were washed in TNT and incubated in a fluorescein dye from the Tyramide Signal Amplification Plus kit (TSA Plus kit, Perkin Elmer) at a 1:50 dilution for 5 min, washed in TNT, and HRP signal quenched with 0.02 N HCl for 10 min. After washing, the procedure for IHC delineated above was repeated on the same slides, but with an anti-GAP3 primary antibody and Cy3 dye from the TSA kit to label Gnrh3 protein. Slides were mounted in 50% glycerol plus 10 μg/ml Hoescht 33342 (Sigma) and viewed on a Zeiss Axioplan2 microscope and screened for the presence of Gnrh2 and Gnrh3 soma and fibers.
Characterization of reproductive outputs
Sexually mature WT and DKO fish of the same age were selected for spawning, and fecundity, fertility, embryo survival, egg diameter, and gonad morphology characteristics were measured and compared between the groups. The spawning procedure follows a routine protocol as described by Westerfield [26] . Six pairs of each genotype combination were placed in spawning containers and separated by a divider overnight. Pairs of WT males and females, DKO males and females, and combinations of one WT male paired with one DKO female, and one WT female paired with one DKO male were analyzed.
In the morning, immediately after the light was turned on, dividers were removed, and fish allowed to spawn for 1 h before eggs were collected from each container. The total number of eggs was counted for each pair to obtain fecundity numbers, and the percentage of eggs fertilized was quantified via embryonic development at 6 hours post fertilization (hpf). The next day, the number of surviving and dead eggs was counted to obtain survival percentages. To examine gonadal morphology, DKO and WT females and males of 4 months of age were sacrificed and gonads dissected and fixed in 4% PFA overnight at 4
• C. The gonads were then dehydrated through a series of increasing ethanol concentrations, from 50% to 100%, and xylene washes at room temperature (RT), and infused in paraffin at 60
• C overnight. Samples were embedded in paraffin blocks, sectioned to 5 μm thickness using a microtome, and dried overnight at 38
• C. Sections were stained with hematoxylin and eosin and mounted with Permount according to the manufacturer's protocol (Sigma). Sections were examined using a Zeiss Axioplane2 microscope, and pictures taken at ×5 and ×20 magnification with a CCD Olympus DP70 camera. The most advanced stage of gametogenesis was noted for each individual fish based on the oocyte size and yolk morphology [27] , and sperm size, opacity, and distribution [28] . Gonadosomatic index (GSI) was determined as the percentage of gonadal weight/total body weight in six age-matched DKO and WT males and females at 5 months of age.
Differential gene expression analysis during development and in adults
The Table S1 ). We focused on examining the gene expression of peptides that have previously been shown to have potential reproductive regulatory roles or are hypophysiotropic. For the developmental assay, pools of embryos and larvae were sampled in triplicate at 1, 2, and 3 dpf (n = 20/sample), 8, 12, and 18 dpf (n = 10/sample), 24 dpf (n = 8/sample), and 30 dpf (n = 6/sample), euthanized in MS-222, flash frozen on dry ice, and stored at -80 • C until RNA extraction. For adults, individual brains and pituitaries of eight sexually mature and age-matched male DKO and WT fish and six female DKO and WT fish were dissected, flash frozen on dry ice, and stored at -80 • C until RNA extraction was conducted. RNA was extracted using Trizol reagent according to the manufacturer's protocol (Promega). The RNA quantity of each sample was measured using Nanodrop, and only samples with 280/260 ≥1.8 were used for cDNA synthesis. One microgram of RNA was reverse transcribed using the Quantitect Reverse Transcription kit, including a gDNA elimination step (Qiagen). All gene expression values were normalized to two housekeeping genes, elongation factor 1-alpha (eef1a) and selenoprotein f (sep15) [29] . Expression values and relative expressions were calculated using the 2 − Ct method relative to WT levels. For statistical analysis, a one-way ANOVA followed by Student t-test comparing the average expression of each gene between DKO and WT groups was conducted and statistically significantly differentially expressed genes were identified as those with a P-value ≤ 0.05.
In situ hybridization
Genes that showed significantly different expression levels via QPCR between DKO and WT fish were selected to examine changes in distribution and abundance using in situ hybridization. Brains of sexually mature, age-matched, DKO and WT females and males were dissected, fixed, cryoprotected, frozen in OCT at -80
• C, and sectioned at 10 μM thickness in the same manner as described above for IHC.
Male brains were used to analyze the differential expression of scg2 (gene accession #NM 001077748) and gnih (gene accession #GU290218) and female brains were used to analyze the differential expression of agrp1 (accession #NM 001328012) as these genes showed sex-specific differences. Digoxigenin or fluorescein-labeled riboprobes were prepared from the full-length cDNAs of the corresponding gene cloned in pGEMT vector using T7 or SP6 RNA polymerases (New England Biolabs) to generate the antisense and sense riboprobes. For ISH, slides were briefly dried at 55
• C for 8 min and postfixed with 4% PFA for 15 min. Slides were washed with PBS and incubated with 0.3% H 2 O 2 in methanol for 30 min to quench endogenous peroxidases. Slides were washed in PBS, incubated in 0.1M TEA buffer pH 8 (Triethanolamine), and washed in 2X sodium-saline citrate buffer (SSC). Prehybridization occurred at 65
• C in a solution containing 50% Formamide, 3X SSC, and 10 mg/ml denatured calf thymus DNA. After 2 h, slides were incubated at 65
• C overnight in a buffer containing calf thymus DNA, and 250 ng/ml of scg2 antisense RNA probe (DIGlabeled), 500 ng/ml of gnih antisense RNA probe, or 500 ng/mL agrp1 antisense RNA probe (fluorescein-labeled). Consecutive slides of WT and DKO brains were incubated with sense RNA probe of each gene as a negative control. Slides were then washed in 2X SSC at room temperature for 30 min, and 2X SSC, 0.4X SSC, and 0.1X SSC at 65
• C for 30 min each, and 1x SSC for 10 min at room temperature.
Slides were blocked with TNB (100 mM Tris pH 7.5, 150 mM NaCl, 0.5% Blocking reagent, from the TSA kit) and followed the same procedures delineated above for the IHC, except with the secondary antibody being either Anti-DIG HRP-conjugated (Roche) or AntiFluorescein HRP-conjugated diluted 1:200, and with slides labeled with Cy3 from the TSA kit. After mounting slides with 50% glycerol plus Hoechst 33342, they were viewed and analyzed for Cy3 and/or fluorescein signal using a Zeiss Axioplan2 fluorescent microscope and pictures taken at ×5 and ×20 magnification. The distribution of all genes was analyzed using the Zebrafish brain atlas [30] and compared between genotype groups, and the total number of soma counted for each brain (n = 6 brains for each gene and genotype).
Results
Generation of the double knockout line (Gnrh2
The TALENs used to generate the gnrh2 −/− knockout line targeted a specific site at exon 2 of the gnrh2 gDNA sequence at the beginning of the coding region of the decapeptide (pink, Supplementary Figure S1A ). An F1 heterozygous fish harboring a 21 base-pair deletion, 2 base-pair insertion (red, Supplementary Figure S1B ) was selected to propagate the line. The deletion encompasses 8 base pairs upstream of the peptide coding region (pink) and 11 base pairs encoding the first four amino acids of the Gnrh2 peptide (Supplementary Figure S1B and C). The mutation also causes a frameshift and subsequent loss of the peptide and the downstream GAP (Supplementary Figure S1D ). Fish were bred with WT and in-crossed to create a homozygous mutant and WT line, and only fish that displayed homozygosity for WT or the mutation were sequenced. The sequencing chromatograms from the homozygous DKO fish (Supplementary Figure S1D ) showed single peaks and the loss of the 19 nucleotides (red region) found in WT fish chromatograms (Supplementary Figure S1C ).
Verification of the loss of Gnrh2 and Gnrh3 using immunohistochemistry in the DKO line IHC was conducted to verify that the genetic mutations in Gnrh2 and Gnrh3 resulted in the loss of the peptide in DKO brains. IHC staining of WT brains with GAP2 and GAP3 antibodies resulted in the abundant appearance of Gnrh2 and Gnrh3 fibers throughout the entirety of the brain, most notably in the olfactory bulb, telencephalon, midbrain, and hypothalamus (Supplementary Figure S2A) . Congruent with previous reports [16, 22] , Gnrh3 soma are found in the preoptic and terminal nerve areas ( Figure 2B ), and Gnrh2 soma in the midbrain tegmentum region of the brain (Supplementary Figure S2C) . Staining of DKO brains with GAP2 and GAP3 antibodies, however, did not result in the appearance of any Gnrh2 or Gnrh3 fibers (Supplementary Figure S2D ). 
Reproductive characteristic comparison between the double knockout and wild-type lines
To determine reproductive characteristics of fish after the loss of Gnrh2 and Gnrh3, measurements of GSI, fertility, and fecundity were compared between the WT and the DKO in different crossing combinations. There were no differences in the GSI of WT and DKO females or males ( Figure 1A ). Male fertility was not significantly different between WT and DKO males ( Figure 1B) , and the number of eggs produced per spawn (fecundity) was also not significantly different between genotype pairings ( Figure 1C ). There were no differences in the morphology of the gonads between DKO and WT individuals. At 4 months of age, both DKO and WT ovaries contained fully mature oocytes ( Figure 1D , black arrows) and DKO and WT testes displayed fully mature spermatozoa ( Figure 1E , yellow arrows).
Expression levels of reproductive genes along the brain-pituitary axis in juvenile and adult zebrafish
Expression levels of fshb and lhb throughout the first 30 days of development were not significantly different between WT and DKO embryos and larvae (Figure 2A embryos at 2 dpf, but significantly higher at several points later in development, including 8 dpf, 18 dpf, and 30 dpf ( Figure 2C ). In adults, the expression levels of fshb ( Figure 2D ), lhb ( Figure 2E ), and cga ( Figure 2F ) in the pituitaries did not show any significant differences between DKO and WT, despite the upregulation of cga in DKO fish during development. Gnih expression levels displayed a 1.9-fold and 1.6-fold increase in male and female DKO brains, respectively, compared to WT ( Figure 2G ). The expression levels of pacap1 were significantly higher in DKO male and female brains, with a 1.5-fold and 1.4-fold increase, respectively ( Figure 2H ). We observed sex specific differences in scg2, which showed a 1.6-fold increase in female DKO brains compared to WT ( Figure 2I ), and tac3a, the gene encoding for Neurokinin B, which showed a 1.4-fold increase in DKO male brains compared to WT ( Figure 2J ). There were no significant differences in the expression levels of kiss1, kiss2, spexin, or avp (Supplementary Figure S4A-D) , nor in gnrh2 (Supplementary Figure S4E) or gnrh3 (Supplementary Figure S4F) in the single KO lines compared to WT.
In situ hybridization of scg2 and gnih in wild-type and double knockout brains Since scg2 expression levels increased in DKO female brains, in situ hybridization was conducted to determine how this upregulation is manifested neuroanatomically in the brain. Wild-type and DKO brains displayed a similar abundant distribution of scg2 neurons in the medial sagittal regions, including the ventral telencephalon, preoptic area, midbrain, and dorsal hypothalamus ( Figure 3A and  D) . However, the DKO brains also displayed an additional specific neuronal subpopulation expressing scg2 ventral to the corpus cerebellum, close to the reticular formation and commisura ventralis rhombencephali ( Figure 3D ). Lateral regions of the brain had a higher abundance of scg2 neuronal soma in DKO compared to WT (yellow arrows), with specific scg2 soma in the lateral hypothalamus ( Figure 3E ) and lateral dorsal hypothalamus ( Figure 3F ) (white arrows) that are missing in WT brains ( Figure 3B and C).
Using in situ hybridization on male WT brain sections ( Figure 4A and C), Gnih neuronal soma were detected in the posterior periventricular nucleus (Nppv), dorsal to the ventral hypothalamic region. In male DKO brains, Gnih neuronal soma were found in the same region of the ventral hypothalamus ( Figure 4B and D), however with a 1.5-fold higher prevalence compared to WT ( Figure 4E ).
Expression levels of feeding genes in adult zebrafish
As Gnrh2 was shown to function as an anorexigen [12, 24, 25] , we also compared the expression levels of feeding genes between DKO and WT fish. The relative mRNA levels of agrp1, an orexigenic peptide, demonstrated a twofold decrease in DKO brains compared to WT (Figure 5A ), whereas mRNA levels of proopiomelanocortin a (pomca), the precursor of alpha-melanocyte stimulating hormone (α-Msh), an anorexigenic peptide, had a 2.3-fold and 1.45-fold increase in DKO male and female brains, respectively ( Figure 5B ). The expression levels of pro melanin concentrating hormone 2 (pmch2), an orexigenic peptide, also exhibited a 1.4-fold increase in DKO male brains, although there were no differences in females ( Figure 5C ). Transcript levels of orexin (hcrt) and neuropeptide y (npy), both orexigenic factors, showed no significant differences between DKO and WT fish ( Figure 5D and E).
In situ hybridization of agrp1 in male wild-type and double knockout brains
To further validate the QPCR results and determine how the decreased expression of agrp1 transpires in DKO brains, we conducted ISH of agrp1 on DKO and WT male brains. Wild-type brains exhibit numerous soma expressing agrp1 via ISH in the ventral lateral hypothalamus of coronal brain sections ( Figure 6A-C) , with DKO brains displaying only a few agrp1 neurons in the same area ( Figure 6D-F) . The neuronal soma from whole sections containing Agrp1 neurons were counted in both DKO and WT brains. DKO brains contained almost half the number of Agrp1 neuronal soma as seen in WT brains ( Figure 6G ).
Discussion
This study is the first to genetically knock out two Gnrh genes in an organism and comprehensively analyze the subsequent loss-of-function effects. We ruled out our initial postulation that Gnrh2 is compensating for the loss of the hypophysiotropic Gnrh3 in light of the surprising findings that our DKO line reproduced normally. Therefore, we searched for potential alternative compensators that display differential expression in the DKO line. We focused our search on major reproductive genes encoding neuropeptides in the brain and gonadotropins in the pituitary as potential compensators for Gnrh3 and on genes encoding feeding-related neuropeptides as potential compensators for Gnrh2. The gnrh3 −/− line used to generate the DKO line was described in Spicer et al. [16] , where IHC immunolabeling of Gnrh3 in gnrh3
brains showed no evidence of the presence of GAP3 as well as the decapeptide, validating the complete loss of Gnrh3. In the gnrh2 −/− line we generated, a 21 base-pair deletion, 2 base-pair insertion resulted in a frameshift mutation that also disrupted the coding of the protein.
Immunostaining revealed no presence of the Gnrh2 decapeptide or GAP in DKO brains, verifying that the gnrh2 mutation resulted in a complete loss of Gnrh2. The presence of the mutated gnrh2 cDNA in the gnrh2 −/− line was verified by sequencing and found to contain no alternative splicing or additional endogenous mutations. Surprisingly, unlike in mammals where mutations in the hypophysiotropic Gnrh1 gene results in infertility [4] [5] [6] , the complete loss of Gnrh2 and Gnrh3 resulted in no major differences in reproduction in zebrafish. The DKO fish were still able to successfully spawn, and all reproductive parameters, e.g. gametogenic development, GSI, fertility, and fecundity, were unaffected in DKO fish and similar to those in WT fish. Additionally, when examining gametogenesis and gonadal morphology, the development and maturation of gametes was not impeded, and fully mature oocytes in DKO females and mature spermatozoa in DKO males were present at the same developmental stages as WT. These results demonstrate that the complete loss of both Gnrh ligands did not cause any effects on reproductive development and performance. The gnrh3 −/− knockout line, generated by our lab, and the gnrh3 −/− ; kisspeptin1 −/− ; kisspeptin2 −/− fish, described in Liu et al., also displayed similar phenotypes where the loss of Gnrh3, and the combined loss of Gnrh3 and the Kisspeptin ligands, resulted in no differences in fecundity and fertility [16, 20] . Similar to the gnrh3 −/− lines in zebrafish generated from different lab groups [16, 20] , gnrh1 −/− medaka also did not exhibit any differences in gametogenesis [31] . However, unlike gnrh3 −/− and gnrh2 −/− ; gnrh3 −/− zebrafish, gnrh1 −/− medaka exhibited compromised ovulation. Disparate from zebrafish, medaka have three isoforms of Gnrh, with Gnrh1 expressed only in the hypothalamus, and Gnrh3 expressed only in the forebrain terminal nerve. In the medaka, knockout of gnrh1 eliminates only the hypothalamic isoform, leaving in place the Gnrh3. Considering the common origination of Gnrh1 and Gnrh3 neurons from the olfactory placode, it may well be that the presence of Gnrh3 in the developing medaka prevents the activation of the compensation. Another possibility is that the compensatory mechanism to the loss of the Gnrh isoforms evolved with the evolution of the loss of the Gnrh1 isoform in these fish. These results clearly demonstrate that neither Gnrh2 nor Kiss1 or Kiss2 compensates for the loss of Gnrh3 in zebrafish. Consequently, we set out to identify other factors along the brain-pituitary axis that may fulfill this role based on differential gene expression and neuroanatomical changes in the brain during early development and adulthood. The expression patterns of the gonadotropin genes were analyzed and compared between DKO and WT whole fish between the ages of 1 and 30 dpf, as the gonadotropin gene expression levels increase during this period, coinciding with the beginning of sexual differentiation and early gonadal development [32] . The expression patterns of the specific gonadotropin beta subunits, lhb and fshb, did not differ between WT and DKO genotypes, whereas cga expression was upregulated in DKO fish at 8 dpf, 18 dpf, and 30 dpf. These expression patterns are very similar to what is reported in the single knockout, gnrh3 −/− in the first 30 days of development, where lhb and fshb expression were unchanged, but cga was upregulated at 3, 8, 12, and 24 dpf [16] . Additionally, in both gnrh3 −/− and gnrh2 −/− ; gnrh3 −/− lines, the expression levels of the gonadotropin genes in adult pituitaries were similar between WT and knockout lines. The fact that the additional loss of Gnrh2 did not affect the expression patterns of the gonadotropin genes in our DKO line further supports our conclusion that Gnrh2 is not the compensating factor for the loss of Gnrh3. Moreover, the similarity in the temporal expression of lhb and fshb at all developmental stages suggests that the compensation occurs upstream of the gonadotropins to maintain their normal levels. The higher levels of cga mRNA during early development were unexpected because the Lhb and Fshb are the rate-limiting subunits [33] . Nevertheless, it may be the result of an indirect effect induced by other compensatory events occurring during the establishment of the nascent reproductive system, granting cga a possible role in early developmental processes. Another possibility is the upregulation of thyroid stimulating hormone (Tsh) that shares the Cga subunit with Lh and Fsh and is reported to have a regulatory role in reproduction [34] . In support, some studies have reported the detection of the free alpha subunit in the plasma, which has several nonreproductiverelated functions [35, 36] . When comparing the expression pattern of additional reproductive neuropeptides between DKO and WT, we detected a number of genes that displayed upregulation in DKO zebrafish, albeit some of the genes exhibited a sex specific difference. The expression of kiss1, kiss2, spexin, and avp showed no differences in DKO brains, suggesting they do not participate in the compensation to the loss of Gnrh. The expression of scg2 was upregulated in female DKO brain, whereas tac3a was upregulated in male DKO brains, and the expression of gnih and pacap1 was upregulated in both sexes. Currently, it is not clear why some genes display a sex specific response. A possible explanation is a sex specific regulation of these genes by Gnrh2 or Gnrh3 that drives the different reproductive cycles and strategies triggers the upregulation of these specific genes [19] . The upregulated genes in the DKO line have all been previously shown to have reproductive roles. Tac3a encodes for neurokinin b (NKB) which induces the release of Lh in zebrafish and Fsh and Lh in tilapia, and the receptors tac3ra and tac3rb are expressed in tilapia gonadotropin cells [37] [38] [39] [40] . Scg2 can stimulate the release of Lh in mice and goldfish, and therefore may be involved in inducing gonadotropin release in zebrafish as well [41, 42] . Pacap1 has also been shown to be hypophysiotropic and may have gonadotropin-releasing functions in goldfish, and Gnih can stimulate gonadotropin synthesis in goldfish [43, 44] , implying that these neuropeptides may have hypophysiotropic roles in zebrafish as well. Altogether, the upregulation of these genes strongly suggests that the compensation involves multiple factors that collectively stimulate gonadotropin synthesis and release in response to the loss of both Gnrh isoforms. It is possible these compensating peptides are either activating their own receptors or Gnrh receptors on gonadotropes to stimulate gonadotropin release. However, there is no evidence in the literature of any peptides outside of the Gnrh family activating Gnrh receptors. The receptors for Nkb (Tac3ra and Tac3rb) and for Gnih (Lpxrf-r) are colocalized with tilapia gonadotropes [40, 45] , and PACAP receptors are found on mice gonadotropes [46] but the secretoneurin receptors are not well characterized. It is still unknown whether these peptides are able to activate any of the four zebrafish Gnrh receptors. The ability of these peptides to bind and activate these receptors will need to be studied in the future to elucidate the mechanisms of this compensatory response. The localization of the four individual Gnrh receptors in the pituitary has not been characterized, but distribution expression studies show that all four Gnrh receptors are found in the brain and that both Gnrh isoforms activate the IP pathway, albeit with different potencies [23] . The upregulation of these genes in the DKO line also suggests that they are attenuated by Gnrh3 and/or Gnrh2; however, it is not clear whether this attenuation is a direct or an indirect effect via other factors that directly respond to the loss of Gnrh3 or Gnrh2. Some of the intermediate factors may be involved in the inhibition of the reproductive axis such as dopamine [47] .
A compensatory response to a targeted gene knockout is not unique and has been reported in other systems as well. For instance, in the case of the genetic knockout of EGF like domain multiple 7 (egfl7 −/− ), a gene involved in vascular formation, no phenotypes were notable in the knockout line. Consequently, multiple extracellular matrix genes were identified as compensators as they displayed an upregulation in egf7 −/− fish [48] . Interestingly, targeted knockouts of genes upstream of Gnrh3, such as Kisspeptins, resulted in no phenotypes in zebrafish [19] . However, knockouts of genes acting downstream of Gnrh3, such as the gonadotropin genes (lhb −/− and fshb −/− ), resulted in moderate reproductive abnormalities [49] , and the gonadotropin receptor knockouts (fshr −/− and lhr −/− ; fshr −/− ) resulted in severe reproductive effects or infertility [50] . This suggests that redundant regulatory pathways exist upstream in the reproductive brain-pituitary-gonad axis that can maintain reproduction when one or more of the genes are lost, whereas downstream factors are more specialized with less redundancies and are not replaceable by other factors. Our neuroanatomical studies demonstrated that the difference in scg2 mRNA levels in female DKO fish is not simply a result of a change in magnitude, but is also attributable to a more widespread expression and distribution of its neurons in areas of the brain that are not found in WT fish. Scg2 neuronal expression in DKO brains is more prevalent in the griseum centrale region, and scg2 expression is detected in the lateral hypothalamus and hindbrain regions only in DKO brains, but not WT brains. The distribution of immunoreactive neurons of the peptide derived from the Scg2 precursor protein, secretoneurin [51] , displayed similar locations throughout the telencephalon and hypothalamus in goldfish, but not in the hindbrain as seen in the DKO fish brains. Scg2, a member of the chromogranin family, was reported to have potential reproductive roles. Scg2 is located in reproductive areas of the brain and pituitary, and can stimulate gonadotropin release in cultured pituitary cells and in response to intraperitoneal injections in goldfish, and has an autocrine role in Lh secretion in mice gonadotrophs [41, 42, 51, 52, 53] . Additionally, Scg2 expressing neurons directly innervate and regulate the brain aromatase gene (cyp19a) in radial glial cells (RGCs) in the preoptic region of the goldfish brain, in the vicinity of Gnrh3 soma [54] . RGCs are pluripotent neuronal progenitors and Scg2 induces their differentiation and in turn, neurogenesis and neurosteroidogenesis [55] . Thus, the observation that Scg2 neurons appear in multiple brain regions suggests that reproduction-specific neurogenesis and neurosteroidogenesis may be activated as part of the overall response to the loss of Gnrh. Recently, EM66, another peptide derived from the Scg2 precursor, was shown to display similar roles to Gnrh2 as an anorexigenic peptide. EM66 is abundant in the hypothalamus and acts to regulate feeding via Pomc and the Melanocortin-3 receptor, but not NPY [56] , suggesting the upregulation of scg2 in the DKO line may also be compensating for the loss of Gnrh2.
Unlike Scg2 neurons, Gnih soma distribution did not change between the WT and DKO brains and remained confined in the Nppv. However, in agreement with the upregulation of gnih expression in DKO brains seen in our QPCR results, the number of gnih expressing soma increased 1.5-fold in DKO brains compared to WT. Gnih, also known as Lpxrfa, is an RFamide peptide, which inhibits gonadotropin release in mammals and birds, but can be either stimulatory or inhibitory to gonadotropin production in teleost species [38, 45, 57] . Hence, this upregulation may be a part of the overall response to the lack of both Gnrh isoforms in order to regulate gonadotropin synthesis and release.
In light of the suggested anorexigenic role of Gnrh2 in regulating vertebrate feeding behavior, we also examined the expression of feeding-related genes in the DKO line. In goldfish, Gnrh2 was shown to be a mediator of α-Msh and corticotropin-releasing hormone (Crh) [24] , and has a mutual inhibitory relationship with orexin [25] . In the DKO line, the downregulation of agrp1, an orexigenic factor, and upregulation of pomca, an anorexigenic peptide, demonstrate that the melanocortin system was affected, directly or indirectly, by the loss of the Gnrh peptides. Agrp1 neurons inhibit Pomc neurons and Agrp1 antagonizes the Melanocortin-receptor 4 (Mc4r) [58] [59] [60] ; hence, the pomca upregulation may be a response to the downregulation and decreased inhibition by Agrp1 that together may take over the feeding-related roles of Gnrh2. The number of agrp1 neurons in the hypothalamus of DKO was almost twofold lower compared to WT brains. In addition to its functions in feeding, AGRP1 has been reported to be a negative regulator of reproduction in mice through inhibiting KISS1 neurons and increasing infertility [61, 62] . Therefore, the decreased agrp1 mRNA levels in the DKO brain may be a part of the combined compensatory response to the lack of both Gnrh3 and Gnrh2. Pmch2, another orexigenic peptide, was upregulated in DKO males, suggesting that the Gnrh system may have interactions with multiple feeding-related factors in the zebrafish brain. Interestingly, GNRH1 neurons were recently found to express MC4R in mice, underscoring the tight relationships between reproduction and feeding/energy balance [63] .
Despite the reported upregulation of npy in the Gnrh3/Kisspeptin knockout line [20] , our study did not detect any differences in npy expression in the DKO line. Npy is an orexigenic neuropeptide co-expressed with Agrp1 in hypothalamic neurons and implicated in regulating both reproduction and feeding pathways. NPY can interact directly with Y receptors on hypophysiotropic GNRH1 neurons to inhibit its activity in mammalian models [64, 65] . The differences in the expression of npy in the Gnrh3/Kisspeptin knockout line may be attributable to the loss of the Kisspeptins rather than of Gnrh. This suggestion is supported by the fact that Kisspeptin has a direct inhibiting effect on npy expression [66] . The relationships between Gnrh2/Gnrh3 and feeding behavior/energy expenditure in the zebrafish warrant further investigation in order to better understand the link between feeding and reproduction.
Overall, our findings demonstrate that the genetic loss of both Gnrh isoforms does not compromise reproduction in zebrafish, unlike the situation in mammals. Therefore, it is possible that the inherited loss of the Gnrh isoforms in the DKO line activates a compensatory response unique to nonmammalian vertebrates. Our results clearly demonstrate that Gnrh2 is not compensating for the loss of Gnrh3 in the single KO line, as the additional loss of Gnrh2 did not reveal any major changes in reproductive functions. The compensation, instead, appears to involve the upregulation of several different reproductive and feeding neuropeptidess in the DKO line, along with the downregulation of certain feeding factors that may inhibit reproduction. These players act throughout development and adulthood to ensure normal reproduction in the absence of Gnrh2 and Gnrh3. This finding elucidates important features of compensatory mechanisms, as the loss of the two Gnrh isoforms appears to trigger a noncell autonomous response, with changes to neuropeptides outside of the Gnrh cells. This suggests a cross-talk occurs between Gnrh and the compensatory peptides under normal circumstances. The loss of Gnrh2 and Gnrh3 also triggers plasticity of certain neuropeptide neurons that emerge in additional brain areas. All of the upregulated reproductive peptides in our study have been shown to be hypophysiotropic in zebrafish or other animals [38, 41, 44, 45] . Whether the compensation involves one or more of these peptides to directly stimulate gonadotropin release is unknown, and will be investigated further in the future. The DKO zebrafish line is a great system to discover circuits outside of the Gnrh system that are involved in reproduction which were previously unknown, and we have already begun to identify these factors in this study. This study likely revealed only part of the many changes comprising the compensatory response to the loss of Gnrh2 and Gnrh3 in zebrafish and may be only the tip of the iceberg. Further studies are underway to reveal the full extent of these changes and decipher the underlying mechanisms involved in maintaining reproduction in the absence of Gnrh2 and Gnrh3.
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